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Introduction
The trigonal prismatic geometry is the rarer form of six co ordinate geometry when contrasted to the almost ubiquitous 20 octahedral alternative. It was not until 1965, when Ibers and Eisenberg 1,2 charactered a rhenium dithiolato complex, that trigonal prismatic geometry was crystallographically characterised in a discrete molecular compound. Soon after, other early transition metal dithiolate complexes that also 25 displayed trigonal prismatic geometries were reported, 3 with the geometric preference being thought to be determined, in part, to S S inter ligand bonding, 4 although since then an number of non thiolate didentate ligands, such as acetylacetone and buta 1,3 diene, have been shown to form 30 trigonal prismatic complexes. 5 Later, Wentworth reported the synthesis of rigid polydentate ligands with donor atoms fixed in the positions of the vertices of a trigonal prism. 6 With transition metal ions he observed TP geometry for Zn II but significant distortion to Oh geometry 35 with Fe II and Ni II . A Bailar twist angle of 32 º was later determined for the Ni II complex. 7 The tendency for the late transition metals to distort the complex towards an octahedral geometry was explained by simply considering the difference in ligand field stabilisation energy for the two alternative 40 structures ( Figure 1 ). By this consideration, low spin d 5 , d 6 and d 7 as well as d 8 ions should show the greatest tendency towards octahedral geometry, while high spin d 5 and d 6 as well as d 10 ions have no preference and will form geometries primarily determined by the steric demands of the ligand. 45 Following these tripodal ligands, a series of bimacrocyclic ligands were reported by Rose, 8 Holm 9 and Raymond. 10 Recently, we reported an investigation into the tripodal bipyridine based ligand tris(2,2' bipyrid 6 yl) methanol (L 3 ; Fig. 1 ) which demonstrated an ability to enforce a 50 predominantly TP co ordination geometry upon metal ions with a strong octahedral preference. 11 More recently Alberto reported an alternative synthesis of the analogous tetra 12 and pentadentate 13 tripodal ligands, mono(2,2' bipyrid 6 yl)bis(pyrid 2 yl)methanol and bis(2,2' bipyrid 6 55 yl)mono(pyrid 2 yl)methanol (L 1 and L 2 respectively; Fig. 1 ) which when co ordinated to Co II was shown to be an effective water reducing catalyst. Since these ligands contain fewer bipyridyl arms than L 3 , it is clear that the steric strain involved in twisting the ligand to produce an octahedral geometry is decreased. It may be anticipated that the stereoelectronic preference of the metal each compound was pressed into a disk with an excess of dried KBr and measured on a Jasco FT IR spectrophotometer. Electrospray (ES) and high resolution (HR) mass spectra were measured on a Waters LCT Premier XE (oa TOF) mass spectrometer. UV VIS absorption spectra were run in HPLC 5 grade acetonitrile (Fisher) and measured on a Jasco V 570 spectrophotometer from 200 to 1,100 nm (optical path length 1.0 cm). Elemental analyses were carried out by the Warwick Analytical Service, University of Warwick.
Preparations
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Mono(65bromopyrid525yl)bis(pyrid525yl)methanol 2,6 dibromopyridine (1.09 g, 4.6 mmol) was dissolved in diethyl ether (46 mL). With vigorous stirring, the temperature was lowered to 78°C and one molar equivalent of n BuLi (2.88 mL, 4.6 mmol of a 1.6M solution in hexane) was added 15 dropwise. After stirring for 5 mins, a solution of bis(2 pyridyl)ketone (0.77 g, 4.2 mmol) in THF (14 mL) was slowly transferred to the lithiate. After stirring for a further 24 h at 78°C the reaction was allowed to warm to 0°C and was quenched with 10% aqueous K 2 CO 3 . The crude product was 20 partitioned between CHCl 3 and water. The aqueous layer was washed twice with CHCl 3 (60 mL) and the organic layers were combined and dried with anhydrous MgSO 4 . After filtration, the organic solvent was evaporated under reduced pressure. A dark oily crude product was obtained which was 25 chromatographed on silica gel and eluted with DCM/MeOH (95:5) to give a pale yellow solid (42%). 1 
Bis(65bromopyrid525yl)mono(pyrid525yl)methanol
35
2 bromopyridine (0.88 mL, 9.2 mmol) was dissolved in diethyl ether (50 mL) and the solution was stirred vigorously at 78°C. Upon cooling, n BuLi (5.75 mL, 9.2 mmol of a 1.6M solution in hexane) was slowly added. After 5 mins, a solution of bis(2 bromopyrid 6 yl)ketone (3.08 g, 9.0 mmol) 40 in THF (100 mL) was transferred via cannula to the lithiated solution. The resulting solution was stirred at 78°C for 24 h and then allowed to warm to 0°C and was quenched with 10% aqueous K 2 CO 3 . The crude product was partitioned between CHCl 3 and water. The aqueous layer was washed twice with 45 CHCl 3 (60 mL) and the organic layers were combined and dried with anhydrous MgSO 4 . After filtration, the organic solvent was evaporated under reduced pressure. A dark brown oily crude product was obtained which crystallised on cooling. The crystals were washed with diethyl ether to give an off 50 white solid (45%). This was not always the case as sometimes the crude product had to be chromatographed on silica gel and eluted with DCM/MeOH (95:5) to give a white solid (55% 
General Procedure for the synthesis of metal complexes
The ligand (1 equivalent, 0.1 mmol) was dissolved in the minimum amount of acetonitrile or methanol (~3 mL). The solutions were warmed to ca. 60°C to ensure that the ligand fully dissolved. To this stirring solution, the metal perchlorate 100 salt (1 equivalent) dissolved in either acetonitrile or water (~2 mL) was added dropwise. A precipitate was collected and dried in air. Recrystallisation of the compounds typically involved the diffusion of diethyl ether into acetonitrile or methanolic solutions which were filtered through Celite. elemental analysis, we were unable to obtain data consistent with our formulation. Accurate mass spectrometry was obtained for 2 and 5, 15 and the IR spectrum of crystals used to obtain the structures of 5 and 11 were consistent with the IR of the bulk sample.
Results and Discussion
Ligand Synthesis
The synthesis of L 1 and L 2 have recently been reported by 20 Alberto, 12, 13 by the addition of the lithiated 6 bromo 2,2' bipyridine to the appropriate ketone (2,2 dipyridylketone or 2 pyridine 6 (2,2' bipyridyl)ketone). Alternatively, we have found these ligands may be synthesised via the bromo substituted tripodal ligands. The preparation of ligands L 1 25 and L 2 have been summarised in Scheme 1 and the bromo derivatives were readily prepared in reasonable yields. 15 As such, these precursors may be utilised in the synthesis of a range of tripodal ligands via Stille coupling or palladium catalysed carbonylation reactions. To couple the 30 bromopyridine with another pyridine group, the respective bromo derivative was suspended in toluene and treated with an excess of 2 tributylstannylpyridine in the presence of the palladium catalyst, Pd(PPh 3 ) 4 , for 24 hours at 110°C to generate the respective bipy derivative. The crude products of 35 L 1 and L 2 were flash chromatographed on silica gel. Initially, the column was flushed with CH 2 Cl 2 :MeOH (99:1) to extract the excess 2 tributylstannylpyridine and finally with MeOH (30%) to obtain the desired product, mono(2,2' bipyrid 6 yl)bis(2 pyridyl)methanol, L 1 , as a white solid (55%) and 40 bis(2,2' bipyrid 6 yl)mono(2 pyridyl)methanol, L 2 , as a light brown solid (60%).
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Synthesis of Complexes
The ligand was dissolved in the minimum amount (~3 mL) of warm acetonitrile. In each case, the dropwise addition of the 45 relevant metal perchlorate salt dissolved in either water or acetonitrile instantly yielded a precipitate. These compounds were recrystallised via the diffusion of diethyl ether into acetonitrile or methanolic solutions resulting in crystals suitable for single crystal X ray diffraction. The yields from 50 these reactions were moderate to high (41 87%). presents absorption bands at 437 and 575 nm corresponding to the two spin allowed transitions. 19 The analogous Fe II complex of L 2 has three bands within the visible region at 419, 504 and 577 nm (Fig. 3) . Single crystal X ray diffraction studies of the compound reveal a distorted octahedral co 10 ordination geometry with short Fe N distances typical of low spin complexes, however, the electronic spectra is uncharacteristic of either high spin or low spin d 6 The Co II complex of L 2 reveals two bands in the NIR/visible region at 1030 and 463 nm. In the solid state, this complex has slightly more trigonal prismatic content than octahedral (see Table 7 for results of CShM calculations), 30 however the difference is only minor and the electronic spectrum is very similar to that seen for the analogous Co II complex of L 1 . Therefore, the observed transitions have been assigned in an identical manner. 
Spectroscopic Properties of Complexes
Vibrational Spectroscopy
absorption in the visible region of its electronic spectrum (Fig.  4) . One absorbance maxima occurs at 509 nm, and analysis of the second region reveals two overlapping peaks at 884 and 779 nm. The CShM results derived from the crystallographic data indicate an 'octahedral' co ordination geometry, which 5 due to the differing donor atoms, is best described as having pseudo C 2v symmetry. 
Crystallographic Studies
X ray data were collected on a Nonius Kappa CCD diffractometer at 150 K using graphite monochromated Mo 5 Kα radiation (λ = 0.71073 Å). The structures were solved using direct methods, with absorption corrections being applied as part of the data reduction scaling procedure. 23 Full least square refinement was carried out on F 2 . After refinement of the heavy atoms, difference Fourier maps 10 revealed the maxima of residual electron density close to the positions expected for the hydrogen atoms; they were introduced as fixed contributors in the structure factor calculations with fixed coordinates and isotropic temperature factors, but were not refined. Hydrogen atoms bonded to the 15 apical oxygen of the ligands, or the oxygen of methanol, were positioned in idealised positions (tetrahedral X-O-H) placing the hydrogens close to maxima in electron density; the O-H distances were allowed to refine but were restrained to 0.84 Å. Hydrogen atoms bonded to oxygen of water were located in 20 the Fourier difference map and were refined with O-H distance restrained to 0.84 Å. Hydrogen bonds were located and were refined where appropriate. The structure of 9 contained a highly disordered, non co ordinated, diethyl ether molecule. Attempts were made to model the disorder, but such 25 attempts were unsuccessful and gave unrealistic and unacceptable bond distances and angles. Based upon this evidence, it was felt that an atomic model was unsuitable and the disordered region was modelled using SQUEEZE. 24 In several instances, perchlorate anions were disordered; the ions 30 were modelled as two site disorder. In these cases, 1,3 distance and thermal similarity restraints were applied and the refinement proceeded without further complications. A final difference map revealed no significant maxima of residual electron density. The scattering factor coefficients and the 35 anomalous dispersion coefficients were taken from standard sources. 25 Structure solution and refinement were performed using the SHELX software suite.
)(ClO 4 )(CH 3 CN)][ClO 4 ] (4)
The Ni II complex of L 1 crystallises in the orthorhombic space group Pcab with one molecule in the asymmetric unit (Fig. 6) . The Ni II ion lies at the centre of a significantly distorted octahedral environment (S(Oh) = 1.45 vs S(TP) = 10.67) and 5 is co ordinated by two types of donor atom: five nitrogens and one oxygen. All four pyridyl N donors are involved in co ordination to the metal, the fifth nitrogen donor (N (5)) is located on an acetonitrile molecule and the oxygen donor (O(2)) originates from a perchlorate counterion. This donor 10 set is identical to the analogous Cd II complex, 7. One commonly encountered distortion from Oh symmetry is due to the acute bite angle of the bipyridine ligand (N(3) Ni (1) The Cu II complex of L 1 crystallises in the triclinic space group P 1 with one complex within the asymmetric unit (Fig. 7) . 45 The Cu II cation lies at the centre of a distorted trigonal bipyramidal co ordination geometry consisting of four pyridyl 180°. An example of a similar five co ordinate structure which interestingly has been described as containing a 'square based pyramidal distorted trigonal bipyramidal (SBPDTB) CuN 4 O chromophore' is the compound aqua bis(1,10 phenanthroline) copper(II) diperchlorate. 29 Here, the 75 pyridyl N Cu II bond lengths range from 1.980(4) Å to 2.032(4) Å which compares well with those found in compound 5. Interestingly, the aqua O Cu II bond lengths are 2.245(4) Å which are significantly longer than that found in 5 (1.946(2) Å). (10) acetonitrile (N(5)) and one perchlorate counterion (O(2)) (Fig.  8) . As the cadmium ion possesses no stereochemical preference, it can be reasonably assumed that in contrast to 15 both L 3 and L 2 , ligand L 1 does not naturally adopt a trigonal prismatic conformation. The three mutually trans sets of donor atoms all form significantly less obtuse bond angles than the expected 180°; N(1) Cd (1) (Fig. 9) . The Ni and Cu cations have very similar radii and lie at an almost identical distance from this plane (1.2450(5) Å and 1.2407(4) Å respectively). The mean average angle between the three donor atoms lying 45 furthest from the methine bridge is 88.97(12)°, leading to a slightly truncated geometry surrounding the Cd II centre. An example of a similar six co ordinate octahedral structure is the compound bis(perchlorate O) tetrapyridine cadmium(II). 30 Here, the pyridyl N Cd II bond lengths range from 2.289(5) Å 50 to 2.347(4) Å, and the perchlorate O Cd II bond length is 2.381(6) Å. These values are comparable to those in compound 7. (7) 55 The Mn II complex of L 2 crystallises in the monoclinic space group P2 1 /n with one complex within the asymmetric unit 5 ( Fig. 10a) . The manganese is co ordinated by all five pyridyl N donors (N(1) N(5)) of L 2 and a further N donor atom (N(6)) located on a solvent molecule of acetonitrile (Fig. 10b) The co ordinative bond lengths (Table 6) The Fe II complex of L 2 crystallises in the triclinic space group P 1 with one complex within the asymmetric unit. The donor set surrounding the Fe II cation is identical to the analogous Mn II complex (see ESI Figure 1 ), however, the co ordination geometry in this instance is predominantly octahedral (S(Oh) 32 The bipyridine groups are considerably bent in order to satisfy the stereochemical requirements of the metal; the dihedral angle between N(2)/C (7) (5)) and an N donor (N(6)) 50 located on a solvent acetonitrile molecule (see ESI Figure 3 ). The co ordination geometry surrounding the metal is clearly trigonal prismatic, confirmed by the shape mapping results (S(TP) = 1.09 and S(Oh) = 16.40). This is also reflected by the small Bailar twist angle (1.883°). There are, however, some 55 minor distortions from an ideal TP environment. For example, the mean s/h ratio is 1.09 which indicates a slight compression along one axis. Furthermore, the mean N···N distance between the N donors lying closest to the methine bridge is 2.964(4) Å, whilst the mean distance between three furthest 60 lying N donors (3.337(4) Å) is significantly larger, indicating truncation of the trigonal prism leading to pseudo C 3v symmetry. The co ordinative bond lengths (Table 6) 
Structural Overview and Continuous Shape Mapping
Typically, the observed metal geometry is an optimisation of the highest ligand field stabilisation energy (LFSE) against the lowest possible steric strain energy. Although the LFSE 70 varies with d electron configuration, in most cases, octahedral geometries have higher LFSE than the analogous trigonal prismatic geometry. Indeed, typically for six monodentate ligands, the lowest steric interactions are observed for an octahedral arrangement compared to the trigonal prismatic.
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Thus, the isolation of trigonal complexes for late transition metal complexes will primarily be driven by the design of polydentate ligands which sterically prefer a trigonal prismatic geometry. 80 . shows a strong preference for trigonal prismatic geometry (S(TP) = 1.09). Similarly, the isoelectronic Mn(II) complex of L 2 is also trigonal prismatic (S(TP) = 0.75). These results suggest that for d 10 complexes, steric interactions of the ternary acetonitrile ligands with L 1 are significant enough to 20 produce more octahedral character. 45 the different geometries observed with the iron complexes. It is difficult to determine if the cause of the variance is electronic or steric, but one expects both ligands to be weak donors. However, bromide is much more sterically demanding than CH 3 CN. While all the metal bromide complexes distort 50 to give approximately similar structures, the Fe(II) acetonitrile complex is able to form the electronically favoured octahedral complex. (v) The copper compound of L 1 , 5, differs from the other compounds by adopting a five co ordinate geometry which 55 lies almost exactly halfway between trigonal bipyramidal and square pyramidal (ESI Fig.4 , Table 9 ; (S(TBPY) = 3.35 and S(SPY) = 3.38). 
Conclusions
In summary, these related ligands display a notable variation in their geometric preferences when coordinated to transition metals. While ligand, L 1 , predefines four of the six donors in a trigonal prismatic co ordination sphere, does not actually 5 enforce the geometry and the ligand has sufficient flexibility to form the electronically favoured octahedral geometry. While this may not be surprising in the context of metal ions where the LFSE leads to a strong preferance for O h geometry, Oh structures were still observed in ions with no LSFE. 10 Similarly, L 2 , defines five of the six trigonal prismatic donor sites. In this case, the geometry observed is heavily influenced by the geometric preference of the metal centre. Finally, it appears that only L 3 , which predefines all six donor positions, is able to yield trigonal prismatic complexes irrespective the 15 of the transition ion. These results suggest studies aimed at designing four or five co ordinate ligands enforcing TP geometry in metals where the LSFE favours O h geometry will be challenging.
